ABSTRACT It is widely assumed that the decay of fluorescence in photosynthetic systems can be described as a sum of exponential components and that the amplitude of each component is directly related to the absorption cross-section of the antenna pigments coupled to the fluorescing species. We present exact calculations of excited state decay in two-dimensional regular lattices of different geometries containing multiple spectral forms of antenna pigments. We illustrate by these calculations that there is no simple relation between the decay amplitudes (and resulting time-resolved excitation spectra) and the steady-state absorption spectra. Only in the limit that the electronic excitations reach a rapid equilibrium among all antenna spectral forms does the excitation spectrum depend uniquely on the spectral features of the array. Using the simulations in conjunction with our recent fluorescence studies, we examine excitation transport and trapping dynamics in photosystem and the limitations imposed by the finite time resolution in single photon counting experiments. In particular, we show that rising components, associated with excitation transfer among different spectral forms, with lifetimes <20 ps would be undetected in a typical photon counting experiment.
INTRODUCTION
The initial steps in photosynthesis involve the transport and trapping of electronic excitations created by absorption of light. The trapping of the excitations by a reaction center leads to efficient charge separation and quenches the fluorescence of the donor molecules. Fluorescence decay measurements provide the means of determining the time scale(s) on which this process occurs. The ultimate goal of these experiments is to define the dynamics of this process in terms of the structural features of the light-harvesting system. Very little is known on a detailed level about the arrangement of individual pigment molecules in most antenna complexes, so the problem of relating experimental observations to specific structural features is difficult. A useful approach is to develop methods for simulation of excitation migration and to attempt to correlate the resulting fluorescence properties from model systems with structural features of the models. Comparison with experiments can then be made to evaluate a given model.
Calculations of excitation transport and trapping in photosynthetic systems using hopping models have appeared in several contexts. Studies of both regular lattices (1) and spatially random arrays (2) containing spectrally equivalent sites showed that in many cases the fluorescence decay curves consisted of a single exponential. This result was due, among other reasons, to a homogeneous initial condition (i.e., the excitation density on each site is equal at t = 0). In systems with a distribution of excited state energies, this condition is not realized experimentally. More recently Causgrove et al. ( 3) used a kinetic model based on the crystal structure of Prostecochloris aestuarii to describe excitation hopping between different subunits of the complex. In each of these studies the inhomogeneous nature of the absorption bands was not taken into account explicitly.
The absorption spectra of antenna systems are generally quite broad reflecting the presence of pigment molecules that absorb at a variety of different wavelengths. Even in complexes in which only one type of pigment exists, the spectra are statically broadened due both to pigment-pigment interactions and to different types of binding sites in the proteins that form the scaffolding for the pigment array. Once an excitation is created, it is not clear what effect, if any, spectral disorder plays in the migration of the excitations to the trap. Investigation of the effects of spectral disorder on the trapping dynamics in simple model systems is a major goal of this paper. It is important to establish the relation between this type of disorder and observable quantities such as fluorescence decay curves, time-resolved spectra, etc. In addition, we use our simulated decays to discuss the limitations of current methods of time-resolved fluorescence spectroscopy for the study of photosynthetic energy transfer.
A particular point of interest is the relation between the excitation spectra of individual decay components, obtained from fitting decay data to sums of exponentials, and the steady-state absorption spectrum of the array. It has been implicitly assumed in a number of studies of the fluorescence decays of light harvesting arrays that the fluorescence excitation spectrum of a decay component is proportional to the absorption cross-section of that group of pigments that transfer energy to those pigments that are responsible for the decay component. This was quantified by Holzwarth (4) in the following relation for the amplitude of a component i.
Ai(X,,,, Xem) = C * N * E(X,.c) -kmd * F(Xc,).
(1)
Here (X(AX) is the absorption coefficient at the excitation wavelength, krad is the radiative rate, F(XCm) is the normalized emission spectrum, and C is a constant. N is the number of pigment molecules that are connected to those molecules that contribute to that decay component.
We will show that in spectrally disordered systems, Eq. 1 holds only in the limit that the excitations are randomized among the different spectral types on a time scale fast compared to the fluorescence decay time. This is demonstrated by carrying out simulations of excitation hopping on two-dimensional lattices containing two or more site energies. The models we investigate are very crude models of real light harvesting arrays; however, the conclusions we draw from these studies have important implications in the interpretation of experimental data from real complexes. We emphasize this point by discussing our simulation results in light of recent time-resolved data from photosystem I (PSI) obtained in our laboratory (5-7).
MODEL SYSTEMS
We discuss several model systems chosen to illustrate the relation between the spatial arrangement of pigments and time-resolved excitation and emission spectra for systems containing more than one spectral form.
We start by considering the simple regular lattice (two-color) models shown in Fig. 1 Table 1 . A key feature of these models is that they each have the same absorption spectrum, which is shown in Fig. 2 . The essential difference between them is the degree of connectivity between different spectral forms. In models 2 and 3, the number of 652-nm pigments with at least one 680 nearest neighbor is relatively small (nine and four, respectively). Exciting into the blue edge of the absorption band results in excitations that must make on the average an appreciable number of hops before they get redistributed among both spectral types. This should be contrasted to model 1, where the degree of connectivity between different forms is maximal.
These models have been constructed primarily to demonstrate important relations between steady-state and time-resolved spectra in a spectrally disordered system, rather than to mimic an actual photosynthetic lightharvesting complex. A slightly more realistic model, from a compositional point of view, is a regular lattice containing a larger variety of spectral forms, with a high degree of overlap of their absorption and emission spectra. Evidence of this comes from gaussian deconvolutions of antenna absorption bands (7, 8) . Fig. 3 shows three multicolor models designed to aid in our interpretation of recent work on PSI antenna arrays in detergent-isolated (3) complexes (6) and in PSII-minus mutants of Chlamydomonas reinhardtii (7) . Like the two-color models, these three have identical absorption spectra, but differ in the degree to which the spectral disorder is spatially correlated. We give these models the names "funnel," random," and "trough" to reflect the manner in which sites of different spectral types are positioned with respect to one another. Table 2 shows the various spectral parameters used in our simulations of excitation transport on these lattices. P(t) is the vector of site occupation probabilities and W is the N x N matrix of pairwise transfer rates. The matrix elements are given by (4) W.
where Ajj is the Kronecker delta. The structure of this matrix guarantees conservation of probability. This set of coupled first-order differential equations for the site occupation probabilities is easily solved, subject to the initial condition, P(O), to obtain P(t) = exp (Wt) * P(O) = G(t) * P(0).
Theory
We assume excitation transport to occur through an incoherent mechanism, i.e., a random walk. The equation of motion for the site occupation probabilities is the Pauli Master equation (9) . If pi(t) is the probability that an excitation resides on the ith site at time t, then dpi(t)/dt = E Fijpj(t) -F -p (t)-r-l'pi(t), (2) S***X+X***s * S S S $ S $ s FIGURE 3 Model lattices containing six site energies. Symbols refer to spectral types listed in Table 3 . Model 5 is a single example from the 15 configurations generated to calculate the average Green's function.
where the prime indicates summation over the set of pigments of spectral type m. The total fluorescence intensity is proportional to the probability that the excitation still resides on the lattice. If Im(Xem) is the emission lineshape of the mth spectral form, then the fluorescence decay at a particular wavelength is given by I(Xem, t) = 2pm (t) * Im(Xcm). (8) The matrix elements of W are found by calculating the spectral overlap of the donor emission and acceptor absorption bands using the weak coupling theory of Forster (10) . For convenience we assign gaussian absorption and emission lineshapes to the sites. The individual site spectra are defined by their width, a, peak wavelength, X, and transition dipole strength, ,u. The (9) where n is the refractive index, K2 the orientation factor, and Rij the distance between the sites.
For any pair of spectrally inequivalent sites, we calculate the rate constant for the faster (i.e., the "downhill") I(AXC9 Xem) = f I(X1XC, Xem, t) dt = EAi(xc X em)Ti. (11) For all simulations, we have chosen transition dipole strengths, spectral linewidths, etc., to be similar to those of chlorophyll a. The orientation factor is set to 2/3, the static average, which allows us to focus strictly on the effects of spectral disorder. The presence of orientational disorder may also be an important factor in determining trapping times in real systems. Both types of disorder may lead to preferred pathways (and bottlenecks) to the trap region. The lattice spacing, 12 A, is chosen to be such that the time constant for transfer to a neighboring site is -1 ps. The average amount of time an excitation stays on a site once it reaches it is the inverse of the product of the coordination number of the lattice and the rate, in this case -250 fs. This is similar to that obtained from analysis of PSI data (5) using the model of Pearlstein (1) . The electron transfer rate used was 0.37 ps', which is approximately the value observed experimentally in both bacterial reaction centers (13) and isolated reaction centers of PSII ( 14) . This is also similar to the value obtained from a regular lattice model analysis of PSI data (5) .
RESULTS AND DISCUSSION

Two-color models
We begin our discussion by considering models 1-3. As mentioned earlier, each array has the same absorption spectrum, but different spatial features. We want to explore the relationship between the excitation spectra of individual decay components and the steady-state spectrum.
In our model systems, all pigments are connected so N in Eq. 1 is just the total number of pigments in the array, namely 117. An immediate prediction from Eq. 1 is that excitation spectra depend only on the number of pigments and not on the specifics of energy transport. The geometrical differences introduced in the segregated models are designed to test this ansatz. An excitation starting out in the 652-nm region must execute on the average a progressively longer random walk until it reaches the 680-nm region as one goes from model 1 to model 3. One might suppose that an important consideration is the amount of time it takes for the excitation to visit a representative sample of spectral types. This randomization process eventually leads to equilibration of the excitations on the lattice provided the trapping time is substantially slower than the single-step transfer time. Experimentally the time scale of the equilibration can be determined by monitoring the time-dependent evolution of the total emission from all components. Once randomization is complete, the spectral lineshape will resemble that of the steady-state spectrum.
To test this idea we have carried out simulations on these models using various excitation wavelengths. The emission surfaces obtained were fit to a sum of two exponentials, except for model 3, which required three exponentials. In all our fits, we constrained the lifetimes to be constant across the surface. Also, on models 2 and 3, we fit each decay curve separately to the same number of exponentials to examine the wavelength dependence of the lifetimes. We found that the lifetimes varied by <5% across the surfaces, indicating our decay laws were accurate for the region of interest.
The time constants obtained from our simulations are shown in Table 3 . To determine which components corresponded to trapping of the excitation, we carried out similar calculations using a value for the charge transfer rate that was an order of magnitude less than used previously. For each model, the largest time constant was the only one sensitive to this rate. The others correspond to motion of the excitation between different spectral forms. The trap-sensitive time constant was found to be 62 ps for models 1 and 2 and 64 ps for model 3. For model 1, a short time component of -1 ps was seen, which is approximately the single step transfer time. This is not We now move to analysis of the amplitudes corresponding to these time constants and focus on excitation spectra. The amplitude of each component as a function of excitation wavelength is shown at various emission wavelengths in Fig. 4 . There is a marked difference between excitation spectra at the same emission wavelength for the different models. Negative amplitudes represent risetimes in the fluorescence decays when excited at the particular A In each case the amplitude of the trap-sensitive component is everywhere positive, as it should be. In model 1, where excitations, regardless of where they originate, are rapidly randomized among the two spectral forms, the excitation spectrum of the component 2 (62 ps) tracks the absorption spectrum very closely (Fig. 4, b and d) , while the excitation spectrum of the component 1 (Fig. 4, a and c) resembles the negative of the absorption lineshape of the 652-nm pigments. For model 2 we see qualitatively similar spectra, however, the excitation spectra overestimate intensity in the bluer end of the band due to the fact that excitations spend a substantially longer time in the 652-nm region. This is further exemplified in model 3 where the increased length of the random walks in the 652-nm domain leads to an excitation spectrum of the slow component that bears no resemblance to the absorption spectrum of the array. The presence of slow spectral randomization leads to a break- Fig. 6 shows steady-state emission spectra at various excitation wavelengths for the three models. Clearly, slow spectral randomization yields emission spectra that are much more sensitive to excitation wavelength than those corresponding to systems in the fast randomization limit.
In our previous studies of fluorescence decay in PSI (6, 7), we observed that all samples containing coupled peripheral antenna complexes (detergent-isolated complexes and C. reinhardtii mutants) exhibited an intermediate decay component (r = 200-400 ps) that accounted for 10-30% of the total decay. The excitation spectrum of this component had characteristics of both peripheral and core antenna pigments, whereas the emission spectrum was that of the core antenna pigments only. Because there was no risetime associated with this decay, we could not attribute it to energy transfer between antenna spectral forms. By analogy to the 40-ps decay component seen in model 3, it is possible that the intermediate decay in PSI arises as a result of slow spectral randomization between the peripheral and core antennas. Our inability to detect risetimes associated with peripheral to core antenna transfer using single photon counting will be addressed in the following section.
Multicolored models
In the previous section, we used simple two-color models with low spectral overlap between pigment absorptions to demonstrate two important points: (a) the wavelength dependence of the amplitudes derived from global fits We have calculated the emission surfaces for models 4-6 using a time step of 5 ps. The time constants obtained from the data (Table 4) show that in each case the decays are described by two exponential components. Attempts to model the data with three or more exponentials did not statistically improve the fits. For all three models, the shorter (7 ps) lifetime corresponds to the transfer time between peripheral and core pigments while the longer lifetime is sensitive to the photochemical rate. For the two models in which there is a symmetrical arrangement of core pigments, the lifetime of the trapping-sensitive component is nearly identical (78 ps). In the random model, the trapping-sensitive lifetime increased to >100 ps. In the symmetric core models (4 and 6), we expect that the first passage time is shorter because the spectral arrangement biases the random walk toward the trap. It has been argued that this would lead to more efficient trapping (16) ; however, in such arrangements the probability of detrapping will also increase and the resulting dynamics may be very sensitive to the photochemical rate ( 17) . The 35% increase in the trapping time that we observe in going from an ordered to a random arrangement of spectral forms indicates the importance in this case of fewer favorable transfer pathways to the trap compared to the decreased detrapping rate.
In models 1-3, the substantial energy gap between the two spectral forms led to fluorescence risetimes with appreciable amplitudes. The existence of these risetimes produced excitation spectra for the individual components that did not track the absorption spectra. In models 4-6, the degree of overlap between spectral forms is much greater. Our inability to detect these risetimes (using convoluted data; see below) in the global fits suggests that the greater spectral overlap has reduced the amplitudes of risetimes associated with transfer among differing spectral forms.
Calculated excitation spectra for the trapping-dependent decay component in all three models closely follows the steady-state absorption spectrum (Fig. 8 a) . By analogy to models 1-3, this suggests that the excited state reaches a rapid equilibrium among the core spectral forms. The similarity of the dynamics in models 4-6 may be demonstrated by examining the time-resolved emission spectrum from all pigments at various times after excitation at wavelengths absorbed primarily by the peripheral antenna. Fig. 9 shows the normalized emission spectrum at 0, energies. This also suggests that fluorescence upconversion experiments with subpicosecond resolution may be a useful probe of the antenna structure and excitation dynamics.
The results from models 2 and 4-6 demonstrate that finite time resolution can limit our ability to extract information from the calculated fluorescence emission surfaces. In laboratory experiments, further limitations may be imposed by the necessity to convolute data with an instrument response function. To demonstrate the effects of both of these limitations, we have carried out a study of simulated decay curves composed of three exponentials, one of which has a negative amplitude. We chose lifetimes of 8, 80, and 2,000 ps (amplitudes of -0.50, 1.40, and 0.10, respectively) to approximate in vivo decays associated with coupled LHC I, PS I core, and uncoupled LHC I complexes. After addition of gaussian noise, the simulated decay was convoluted with a real photon counting instrument response function of -60 ps FWHM. The resulting fit (662 nm excitation, 696 nm emission, Fig. 10 a) shows that although the two longer lifetime components were accurately fit, the 8 ps rising component went undetected. The excellent reduced chi-squared value (0.98) and the distribution of residuals provide no suggestion of an additional component. We conclude, based on the reduced chi-squared values for fits with and without the short component, that a risetime of <20 ps would be undetected in a typical photon counting measurement.
For comparison we repeated the same simulated decay calculated at 0.2-ps intervals and convoluted with an autocorrelation function of 0.8 ps FWHM (from our subpicosecond amplified dye laser system). Attempts to fit this data to a single exponential yielded a suboptimal chi-squared value (1.34) and a nonrandom distribution of residuals (Fig. 10 b) . In addition, the resulting lifetime (117 ps) appears to be increased due to the unresolved contribution of the rising component. These data are in agreement with our previous supposition that the 5-20 ps increase in PS I core lifetime at laser wavelengths that primarily excite peripheral LHC I pigments was the result of an unresolved lifetime (<5 ps) associated with excitation transfer from peripheral to core pigments (7) . When the higher resolution simulation data is fit to a two exponential decay (Fig. 10 c) factors (in this case, reduced oscillator strength). However, in analysis of PS I decays in C. reinhardtii mutants lacking PS 11 (7), we were unable to produce excitation spectra that were even qualitatively similar to the absorption spectra. In all cases, the bandwidth of the excitation spectrum for the dominant, trapping-sensitive component was about one-half that of the absorption spectrum (Owens, T. G., unpublished data). Experimentally it is known that the lifetime of the trapping-sensitive component in PS I varies with both excitation and emission wavelength (6, 7) . This variation has been attributed to several factors including the presence of spectrally resolved but temporally unresolved decays with similar lifetimes (18) and increasing lifetimes of excitations with energies lower than that of the trap (6) . Our simulations also suggest that such behavior may result from fitting data to decay laws containing too few components. We expected that in our fits to models 4-6 using the decays convoluted with photon counting instrument response functions, that the lifetime of the trappingsensitive component would depend on both excitation and emission wavelength. The data (Fig. 1 1) Lifetime of the trap-sensitive component for models 4-6 as a function of (a) emission wavelength and (b) excitation wavelength. (-) funnel; (-* -.) random; (---) trough.
though the changes are smaller. These trends are qualitatively similar to those measured in fluorescence studies of C. reinhardtii mutants lacking PS 11 (7) . Thus, limited temporal resolution in photon counting experiments may also result in lifetime variations with wavelength. Throughout these simulations, we have observed good agreement between the lifetimes and amplitudes obtained from global analysis (assuming that lifetimes are independent of emission wavelength) and analogous parameters determined at discrete excitation and emission wavelength pairs. However, the inherent limitations in experimental data introduced by finite temporal resolution and the necessity of deconvoluting instrument response functions suggest that the results of both discrete and global analysis must be interpreted with care. Continued application of simulation techniques should further quantify these limitations and aid in the interpretation of experimental data.
CONCLUSION
We have shown that in general there is no simple relation between fluorescence excitation spectra and steady-state absorption spectra in spectrally disordered systems. The wavelength dependence of the amplitudes cannot be divorced from the dynamics of excitation transfer. Only when excitations are rapidly randomized among all spectral types does the excitation spectrum for a particular decay component accurately reproduce the absorption spectrum of all pigments efficiently coupled to the emitting species. We stress that the important factor is not the time scale of spectral equilibration, rather it is the time scale on which the excitations visit a representative sample of the various spectral forms. In the former, excitations must spend an amount of time on a given spectral form that is commensurate with that form's Boltzmann factor, whereas in the latter no such condition is imposed. Indeed, it is quite possible that in many systems thermal equilibrium among the N excited states is never realized due to the finite lifetime of the excitations. Moreover, it was established that the finite time resolution and the necessity of convoluting decay curves with an instrument response function can both obscure short lifetime components corresponding to energy transfer between spectral forms of the antenna and lead to erroneous estimates of the number of pigments contained in the antenna pool.
Our simulations of energy transfer in the core antenna of crude models of PSI demonstrate that rapid randomization or equilibration of an excitation among a representative distribution of core antenna spectral forms is a consequence of the strong spectral overlap of the different spectral forms and need not be related to the spatial properties of the array. However, distinction between the limiting cases of antenna organization (random vs. funnel models) may be experimentally accessible using subpicosecond techniques such as fluorescence upconversion. The simulations also indicate that our inability to observe fast risetimes associated with energy transfer between peripheral and core spectral forms is a consequence of limited time resolution and deconvolution of instrument response functions. Similarly, the excitation and emission wavelength dependence of decay lifetimes seen in previous studies is, at least in part, a consequence of these limitations. Finally, restrictions in the number of paths of excitation transfer between coupled antenna pools result in slow spectral randomization, biexponential transfer kinetics between the pools, and significant deviations between the time-resolved excitation and steady-state spectra.
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